The voluntary ventilation capacity is a quantitative measure of the maximum rate at which the respiratory system can carry on one of its specific and essential functions, namely, the production of an alternating flow of air in and out of the lungs. In a previous report a simple and reliable procedure for determining the voluntary ventilation capacity in man was standardized and normal values established (1). As a rational measure of the functional capacity of the pulmonary bellows, the test should be useful in the diagnosis and early detection of respiratory diseases and in evaluating the degree of functional damage. It would be of material advantage in the clinical analysis of respiratory disease, however, if in addition to measuring the degree of reduction in ventilation capacity, the causes of that impairment could likewise be identified.
(From the Department of Physiology, Northwestern University Medical School, Chicago) (Submitted for publication December 3, 1949 ; accepted, February 13, 1950) The voluntary ventilation capacity is a quantitative measure of the maximum rate at which the respiratory system can carry on one of its specific and essential functions, namely, the production of an alternating flow of air in and out of the lungs. In a previous report a simple and reliable procedure for determining the voluntary ventilation capacity in man was standardized and normal values established (1) . As a rational measure of the functional capacity of the pulmonary bellows, the test should be useful in the diagnosis and early detection of respiratory diseases and in evaluating the degree of functional damage. It would be of material advantage in the clinical analysis of respiratory disease, however, if in addition to measuring the degree of reduction in ventilation capacity, the causes of that impairment could likewise be identified.
In the case of a simple mechanical bellows, its functional capacity is determined by three general factors: a) its size, b) the forces operating it, and c) the resistance it offers. In the case of the pulmonary bellows, the same three factors must be concerned. The size of the pulmonary bellows can easily be measured as the vital capacity. The muscular forces available for operating the pulmonary bellows may be measured as the maximum pressure that can be developed on forced expiration. The resistance factor, which includes both the resistance to air flow in the respiratory passages and the resistance of the lung and thoracic tissues to rhythmic deformation, is not so readily measured.
It was the purpose of the present investigation to determine the effects on ventilation capacity of the vital capacity, the maximum expiratory pressure, and air-flow resistance, in order to provide a basis for identifying the contribution of each to impaired ventilation capacity.
METHODS
The subjects employed were all healthy young adults, either medical students, or hospital nurses, and were among those described in a previous report (1 Table I . The correlation coefficient between these two types of capacity determinations was 0.42 for the 194 male subjects and 0.54 for the 40 female subjects. Both coefficients are statistically significant, but of such low order as to demonstrate convincingly that other factors, presumably muscular force and pulmonary resistance, are more important in determining the ventilation capacity than is the vital capacity.
It is of importance to establish the nature of the relationship between ventilation and vital capacities. If, when the other factors remain constant, the relationship is a simple direct proportion, the ratio of the two capacities will remain constant. Under these conditions a capacity ratio may be calculated by dividing the ventilation capacity by the vital capacity and the resulting figure will represent the ventilation capacity per liter of vital capacity. Abnormalities in this capacity ratio would then indicate deviation from normal in either muscular force or air-flow resistance.
In the healthy population sampled, presumably the force and resistance factors (except insofar as they are determined by vital capacity) are randomly and therefore uniformly distributed. Hence, a first approximation to the underlying relationship between the two capacities may be made by examination of these data. Capacity ratios as defined above have been calculated for each of the healthy subjects. As shown in Table I In Figure 1 all three sets of data are plotted. Of the three smooth curves included in the graph, one represents a direct proportion with a constant capacity ratio of 32.5, another the linear regression line fitted to all the data, and the curved dotted line a statistically fitted parabola passing through the origin. The parabola is probably the best fitting line, but its deviation from the direct proportion, especially in the important range of low vital capacities, is rather slight. Accordingly, for practical purposes it is concluded that in the absence of abnormal disturbances of muscular force and pulmonary resistance, the capacity ratio lies within the normal range, as established above, and that abnormalities in this ratio may be considered to betray the presence of abnormalities in these other factors.
Maximum expiratory pressure
In 54 pressure within a subjects male subjects the maximum expiratory was measured for five consecutive trials period of a few minutes; in 34 of these three more trials were made approxil~~~~~./ (Table II) .
Both vital capacity and ventilation capacity determinations were made on the 54 subjects, but neither correlated significantly w.ith the maximum expiratory pressure. Even the partial correlation between ventilation capacity and expiratory pressure was no better than the zero order correlation, and the capacity ratio likewise failed to correlate with expiratory pressure. Although this complete lack of correlation was not anticipated there are many reasons for expecting a very poor one in these experiments. First, since only healthy subjects were studied no abnormal deviations in either ventilation capacity or respiratory pressure were present. Second, although the inspiratory pressure is presumably as important as the expiratory, it was not measured because of the greater difficulties involved. Most important, however, is the fact that under the dynamic conditions of maximum ventilation only a small and variable portion of the total muscular force remains available for the actual movement of air; the greater portion must be dissipated in overcoming inertia, elasticity and internal friction of the lung and thorax. The maximum expiratory pressure, on the other hand, is measured under static conditions where the entire muscular force can be devoted to the production of intrapulmonic pressure. Although no effect of expiratory pressure on ventilation capacity could be demonstrated in these normal subjects, it 20 v15'/ I-.
-. 
FIG. 2. VENTILATION CAPACITY AS A FUNCTION OF THE DIAMETER OF ARTIFICIAL RESISTANCE TUBES
is inevitable that in severe pathological conditions, such as muscular paralysis, a reduction in expiratory pressure must be accompanied by an impairment of ventilation capacity.
Air-flow resistance
There is at present no simple method available for measuring the resistance to air flow offered by the respiratory passages of human subjects. In order to demonstrate the effect of this factor, therefore, it became necessary to introduce artificial air-flow resistances in the spirometer system. Plastic tubes 1 cm. long and with various internal diameters were used as resistances. The results obtained in eight healthy subjects are presented in Figure 2 . Without added resistance, the ventilation capacity, vital capacity, and capacity ratios averaged 186, 5.55, and 33.7 respectively. As greater resistances were introduced the ventilation capacity was affected gradually at first and then progressively more rapidly. With the greatest resistance the mean ventilation capacity was 33 L./min. and the capacity ratio 6.0; the vital capacity, however, remained unchanged.
It is apparent from these results that resistance to air flow exerts a profound effect on the ventilation capacity, without influencing the vital capacity, and that this effect is reflected in the capacity ratio.
DISCUSSION
Determinations of the vital capacity and maximum expiratory pressure, both of which are simple and reliable tests, should greatly facilitate the clinical analysis of causes of impaired ventilation capacity. In general a reduced ventilation capacity may be due to a pulmonary bellows which is either too small, offers too much resistance, or is inadequately powered, or a combination of these. The size can be readily measured by the vital capacity and its effect alone on ventilation capacity can be estimated from the capacity ratio. A reduction in vital capacity without reduction in the capacity ratio implies that only the vital capacity is at fault. On the other hand, a reduction in the capacity ratio, whether accompanied or not by a change in vital capacity, is evidence of excessive resistance or impaired motive power. The latter can be measured by the maximum expiratory pressure, although there is as yet no basis for estimating its exact contribution to the ventilation capacity. However, the present results indicate that its effects are small unless there is gross muscular impairment. The resistance factor includes both air-flow resistance in the respiratory passage and resistance of the lungs and thorax to deformation due to inertia, rigidity, and internal friction. The former component has been demonstrated to be a powerful factor capable of overwhelming all others; the latter component is probably less important but may be expected to operate especially in obesity and in disease of the bony thorax.
The present scheme emphasizes a more rational application of the much-abused vital capacity test. Over the past century repeated attempts have been made to establish this test as a measure of overall pulmonary function, or of ventilation capacity (3) (4) (5) . Actually the vital capacity is merely the difference between two static lung volumes and involves no time element. By contrast, the ventilation capacity is a dynamic rate measurement. The attempt to measure one by determining the other involves the wholly unreasonable assumption that the size of the pulmonary bellows exclusively determines its maximum rate of ventilation. The present experiments demonstrate conclusively that air-flow resistance can profoundly impair ventilation capacity without affecting the vital capacity at all. It should be clear, therefore, that the vital capacity is not an alternative measure of ventilation capacity, but instead may be considered to be only one of several factors which influence the latter.
From the standpoint of fluid mechanics there are two principal factors (aside from the physical properties of the respired gases) which determine the rate of flow of air in and out of the lungs. The first is the alveolar pressure gradient which actually moves the air, and the second is the geometric resistance offered by the respiratory passages. The former depends upon the product of the total muscular force available and the fraction which can be effectively devoted to the development of air pressure gradients. The latter depends upon the number, the diameter, and general geometry of the respiratory passages. In this scheme the vital capacity does not are reported for determination of the vital capacity, the maximum expiratory pressure, and the capacity ratio, defined as the ratio of voluntary ventilation capacity to vital capacity.
2. The voluntary ventilation capacity was found to correlate weakly (0.4 to 0.7) with the vital capacity and not at all (0.10) with the maximum expiratory pressure in normal subjects.
3. Experimental reduction in vital capacity reduced the ventilation capacity proportionately, leaving the ventilation capacity per liter of vital capacity (the capacity ratio) unchanged.
4. The introduction of artificial air-flow resistances profoundly depressed the ventilation capacity and the capacity ratio, without altering vital capacity.
5. A simple scheme is presented for analyzing the causes of reduced ventilation capacity in terms of the size of the pulmonary bellows (vital capacity), the muscular force available for its operation (maximum expiratory pressure), and its resistance to motion and air flow. 
